Abstract: Synchronous reluctance machine with simple salient rotor is known to have poor power factor because of its poor reactance ratio. This study presents the use of an auxiliary winding attached to a balanced capacitor to improve the effective reactance ratio as well as the performance characteristics of synchronous reluctance machine. A unique feature of this configuration is that although the machine runs at synchronous speed, the effective reactance ratio of the machine can be improved by appropriate sizing of the capacitor attached to the auxiliary winding, with the constraint of the ampere turn rating of the auxiliary winding. The operational characteristics of a simple salient rotor synchronous reluctance machine equipped with this configuration were investigated and shown to have a desirable performance. How the effective reactance ratio, power factor and airgap flux distribution depend on the size of capacitor attached to the auxiliary winding is determined using a simplified mathematical model of the system. Analytical results and experimental measurements are in good agreement, and demonstrate the effectiveness and benefits of the configuration.
Introduction
Synchronous reluctance machine is a singly salient machine in which the rotor is constructed to use the principle of reluctance torque to produce electromechanical power. It is one of the oldest types of electric motors, and has since attracted significant research effort of investigators to improve its performance [1] [2] [3] [4] [5] . It is now seen as a viable alternative to other AC machines because of its simple rugged rotor structure, relatively inexpensive, comparatively low rotor inertia, high torque density and the absence of rotor windings leading to reduced rotor losses [6] [7] [8] . The performance characteristics of this machine have been shown in literature to be dependent on its saliency ratio (X d /X q ) and the torque index (X d 2 X q ), thus most of the research efforts were focused to maximising them. Commonly, attempts at maximising these factors have been geometrical based, which has led to the emergence of different rotor structures [3, 9] . A general review of the different rotor configurations has shown that the synchronous reluctance machine with conventional salient-pole rotors has a low power factor and low torque/weight ratios because of low effective reactance ratio (X d /X q ), therefore it has become unpopular for practical applications. However, the desire to improve its performance characteristics motivated the use of phase number higher than three, and also the addition of a proper level of third harmonic of current to interact with the third harmonic magnetic field in the synchronous reluctance motors [10, 11] . This method summarily gave about 10% torque improvement without any corresponding improvement in power factor, since the power factor depends on the saliency ratio, which to date is known to be dependent on the rotor geometry. Meanwhile the different rotor structures that have been developed suffered one shortcoming or another, ranging from high manufacturing cost, difficulty to manufacture, to their mechanical integrity in high-speed application.
The power factor of a synchronous reluctance can be improved by reactive power compensation through the installation of capacitor banks; however, these capacitor banks have been found to result in problems particularly when there is a loss of supply [12] . If the capacitors are series connected and external, it will invariably lower the overall impedance of the machine and result in higher current drawn from the supply, which could damage the windings with a negligible improvement in power factor. Also, using a shunt capacitor, on the other hand, improves the power factor of the external supply rather than the inherent power factor of the machine [13] . It was also reported in [13] that the use of either of these methods can cause problems at light load conditions and relatively expensive switchgear are required to vary the capacitance value with load changes. Thus the use of either the external series or the shunt capacitor seems not to present an absolute practical method for the improvement of the power factor.
In the last three decades, two previous capacitor connection schemes invented by Wanlass [14, 15] and Roberts [16] have been applied to induction motors. The first scheme connects capacitors in series with a second winding and connects the same winding and the first to the same supply. Whereas in the second scheme popularly known as the 'unity-plus winding motor', only one winding set is connected to the supply whereas the other winding set is connected to the capacitors only. These schemes are illustrated in Figs. 1a and b for a delta-connected machine. These two schemes were, respectively, investigated in [16, 17] and it was generally reported that they both offered a lower efficiency than the conventional induction machine. However, the 'unity plus winding motor' claimed a power factor near unity and better efficiency than the Wanlass motor. One common feature of both the Wanlass and Roberts schemes is that both are applied to induction motors. A well-designed induction motor operates above 0.85 power factor and efficiency of about 90%, and hence such a connection scheme is hardly worth it. Despite the similarity in construction of induction and line-start reluctance motors, induction motors develop torque by interaction of airgap field with rotor currents whereas reluctance machine torque is uniquely dependent on the difference between the reactances on the direct and quadrature axis (torque index) in relation to the alignment principle. Whereas the power factor of the induction machine is influenced by the magnetising reactance, that of the reluctance motor is dependent on the ratio of the reactance on the direct to the quadrature axis (effective saliency ratio). For these reasons, the connection scheme that offers a high power factor (which is usually low in reluctance machines) is adopted in this study [18, 19] . It does not require special switchgear for the switching of the capacitor, since a typical capacitance value is found to properly compensate for all loads. This is similar to the configuration applied to induction machine in [12] .
As indicated above, while research efforts have been concentrated in maximising the torque index and saliency ratio through geometrical means this paper introduces a novel approach of increasing the effective saliency ratio for improved performance characteristics. By way of description, the scheme consists of a stator modified along the split winding concepts to have two symmetric threephase windings having the same number of poles, and a conventional salient-pole rotor. The two windings occupy the same slot and are magnetically coupled. The first winding identified as the main winding-abc is connected directly to utility supply, thus it carries the load current, whereas the second winding-auxiliary-xyz is attached to a balanced capacitor for leading current injection, so that the main winding current can be influenced towards leading. The concept of machine having a stator with two similar but separate windings wound for the same number of poles has been used as a means to increase the power capability of large alternators, to overcome the limitation imposed by the fault current interrupting capacity of circuit breakers [20, 21] , and to permit electrical segregation of bus sections in large stations [22] . Drives based on these winding arrangements have improved torque and magnetomotive force (MMF) characteristics. The dual stator winding reluctance machine with auxiliary winding connected to a balanced capacitor is considered a promising configuration in view of the absence of copper loss and relatively low core loss on the rotor, and the better performance characteristics obtainable when compared to an equivalent conventional synchronous reluctance machine. With an appropriate size of capacitor attached to the auxiliary winding, the motor operates with an attractive power factor. Outside the cost of the additional winding and capacitor, this configuration presents itself as an attractive and suitable choice because it may on the overall lower the inverter rating of the converter fed reluctance machine as a result of the better power factor that is achievable [23] without modifying the rotor geometry. This paper therefore sets forth an analysis as well as the experimental validation of the operations and benefits of a p-pole synchronous reluctance machine with double stator winding and a simple salient rotor.
The remaining part of this paper is organised as follows. Section 2 utilises the coupled circuit analysis to investigate the effect of the capacitance compensation through an auxiliary winding on the effective reactance ratio and the power factor performance characteristics of synchronous reluctance machine with simple salient rotor structure. The magnetic field concept is used to describe the airgap torque of the machine and the nature of its airgap flux distribution in Sections 3 and 4, whereas Section 5 gives the analytical and validating experimental results using a practical laboratory motor. The paper is then concluded in Section 6.
Capacitance effect on performance characteristics
The two stator winding sets, abc and xyz, are magnetically coupled and electrically isolated. Therefore the two stator windings are represented as a coupled circuit with two branches representing the two windings, each having separate resistance, and leakage reactance together with a common mutual reactance [18, 19] . The mutual component arose from the fact that the two sets of stator windings occupy the same stator slots. The branch of the coupled circuit representing the auxiliary winding is connected to a capacitor C with a reactance X c . This machine structure is easily represented by an approximate per phase equivalent circuit shown in Fig. 1c .
Since the machine under consideration is of the salient rotor structure type, the effect of the rotor is manifested in the derivable equivalent circuit of Fig. 1c based on the fact that the synchronous impedance will vary with the saliency of the rotor of the machine. The synchronous reactance of a reluctance machine is given as [13] 
where X d and X q are the steady state d-and q-axis reactance, respectively and d is the load angle of the machine. The parameters of the experimental machines are listed in Table 1 . The coupled circuit of Fig. 1 along with (2) is used to investigate the effect of the magnetically coupled, two stator windings and capacitance injection on the performance characteristics of synchronous reluctance with simple salient rotor. 
Effective reactance ratio
Based on the per phase equivalent circuit of Fig. 1 , the total per phase impedance of the machine Z T2ph is obtained as (2) where X L1 and r s1 , respectively, represent the leakage inductance and resistance of the main winding, X L2 and r s2 represent the leakage inductance and resistance of the auxiliary winding and X c is the reactance presented by the capacitor injected into the machine through the auxiliary winding.
To effectively illustrate the effect of capacitance value on the d-and q-axis reactances of the machine, we substitute, d ¼ 0 (when the rotor is in the direct axis) and d ¼ p/2 (when the rotor is in the quadracture axis) into (2) and obtain the effective d-and q-axis impedances as
and
Neglecting resistances, we obtain the effective d-and q-axis reactances X d 0 and X q 0 of the machine which when plotted against the capacitance yields (Fig. 2) . It can be seen from this figure that there are two resonant points, X c1 ¼ X d and X c2 ¼ X q . The first point X c1 ¼ X d is useful, since it yields a very high effective reactance ratio of about 170, whereas the point X c2 ¼ X q gave an extremely low reactance ratio, thus, it has no practical value. Although a seemingly super high reactance ratio, although theoretical is obtained, it will be seen in the next section that a correspondingly high torque cannot be realised, but a very substantial improvement in power factor.
Impact of the scheme on power factor of the machine
The power factor for the synchronous reluctance machine illustrated with the per phase equivalent circuit of Fig. 1 is evaluated using
where R eq and X eq represent the effective resistance and reactance of the entire circuit of Fig. 1c when viewed from the main source. Equation (4) was arranged in a MATLAB environment and the power factor characteristics of the modified machine as calculated in relation to the size of capacitance at different load angle are shown in Fig. 3 . It is observed from this figure that unlike the conventional reluctance machine of the same dimensions (with an estimated maximum power factor of 0.56), the machine with the new configuration offered a power factor of as high as 0.9846. This is due to the presence of the auxiliary winding and capacitance connected, which positively influenced the effective reactance of the machine. A threedimensional (3D) plot illustrating the variation of the main winding current with the load angle and capacitance is also shown in Fig. 4 . While the derivable equivalent circuit of Fig. 1 used in this analysis is an approximation, the general trend in the plots of Fig. 3 taken for different load angles are the same, and it showed that, the inherent power factor of the machine increased with an increase in the size of capacitor attached to the auxiliary winding, and the points of high power factor is found to correspond to the points of minimum current in the main winding. www.ietdl.org
Selecting the appropriate size of capacitor
In order to determine the capacitance value that will give an improved power factor characteristic, the imaginary part of (2) is set to zero and the equation is solved to determine X c . It resolves to a quadratic equation having two solutions, as shown in Appendix. The two equations can be plotted for changing d to give Fig. 5 . Although both conditions will naturally give unity power factor, the solution that gives plot with the linear relationship will require capacitance values that will subject the auxiliary winding to high current, so it has no practical value. The other relationship perfectly fits a curve defined by
where C UPF is the capacitance that gives a unity power factor, C d and C q are the capacitance values that will give the X c ¼ X d and X c ¼ X q , respectively. Therefore unity power factor is achievable if the capacitor values can be adjusted to follow the load angle using (5) . This capacitor value is, however, subject to the current carrying capability of the auxiliary winding. If X c ¼ X q , the torque will be very low, because the torque index at this point is very low. On the other hand, if X c ¼ X d , an optimal effective saliency ratio will be obtained and hence optimal torque and power factor will result.
Reluctance motor torque analysis
In this section, the airgap torque of a synchronous reluctance machine with two stator windings and reactive power compensation is presented using the electromagnetic field concepts to determine the flux densities and stored energies, which are then used to determine the electromagnetic torque [18, 24] . Classical assumptions in electrical machine analysis were made to obtain closed form equations [10, 25] , thus, only the fundamental components of the stator winding distributions, stator currents and voltages are considered, and the effect of saturation is neglected. These are sufficient enough to explain the fundamental operation of the machine.
If the winding distributions and current of windings abc are, respectively, defined as
and w c ¼ w 1 2 4p/3, then the parameters refers to the main winding.
The angle u is the circumferential angle of the stator, whereas N s1 , correspond to number of turns per pole per phase for the main winding.
It can then be shown that the resultant MMF because of the winding set abc is
where F m1 ¼ 3=2N s1 I m1 is the peak MMF because of the main winding.
Given that the auxiliary winding xyz shares the same magnetic structure and it is magnetically coupled to the main winding abc, then, by transformer action, an emf e s2 , of similar sinusoidal characteristics as the main source is induced in the auxiliary winding xyz. A simplified per With a balanced capacitance attached to the auxiliary winding, the emf e S2 induced in the auxiliary winding will cause a balanced leading current i s2 defined by (9) to flow in the auxiliary windings. The magnitude and phase of this current is largely determined by the impedance of the auxiliary winding xyz as influenced by the size of the capacitance attached to the winding xyz
where
If the winding distribution of the auxiliary winding xyz is given as (6) (9), it can be shown that the MMF because of the leading current flowing in the auxiliary winding xyz is
where F m2 ¼ 3=2N s2 I m2 gives the peak value of the airgap MMF because of the auxiliary winding.
Thus, at any arbitrary instant in time, there are two MMF distributions F g1 and F g2 along the airgap, and the resultant field is sinusoidally time variant and rotating at constant speed v rad/s. The total airgap MMF F gt (u, t) is given as
The airgap is not constant because of saliency, but it is a function of the angular position u and the rotor mechanical angle u rm and it can be approximated as [10, 13, 24] 
where This machine develops torque based on the change of magnetic energy when the rotor moves with respect to the stator MMF pattern. The stored energy E in the magnetic circuit of effective length L is given as
When (11) and (12) substituted into (13) , is expanded, integrated over the complete circumference, and carefully manipulated using trigonometry identities, some terms becomes zero, leaving terms that are either constant or dependent on the rotor angle d. Consequently, the energy stored in the magnetic circuit because of the combined airgap MMF of windings abc and xyz becomes 
In (14), only the terms that are dependent on the rotor angular position d participate in the development of electromagnetic torque. The average electromagnetic torque developed is defined as the rate of change of the stored energy with respect to the rotor angular position, and it is expressed as [24, 26] Equation (15) can be simply expressed as
It easily follows from (15) and (16) that the torque developed by the machine configuration reported in this paper has three main components identified as T e1 , T e2 and T e3 . The term T e1 clearly represents the reluctance torque contribution of the main winding. T e2 is similar to T e1 , and it is an additional component that represent the unique contribution of the auxiliary winding attached to a balanced capacitance, whereas T e3 , the third component of the torque developed by this machine is as a result of the interaction of the two winding currents: main (I abc ) and auxiliary (I xyz ). The effect of the capacitance on these torque components (T e2 , T e3 ) is manifested in the peak value of the MMF as well as the angle a ak of (9) . The second and the third torque components will only be www.ietdl.org developed when capacitor is connected to the auxiliary winding. Otherwise T e2 and T e3 will be set to zero, thus the machine will only act as a standard synchronous reluctance machine. The additional torque components (T e2 and T e3 ) of (16) describe the influence of the magnetically coupled two three-phase windings and reactive power compensation, on the torque performance of the synchronous reluctance machine with simple salient rotor structure. Following the description of Section 2 to make a proper choice of capacitance, the average of the torque component T e2 and T e3 should be a positive contribution, thus it will make the torque performance to be superior to the standard reluctance machine.
Impact of the scheme on torque of synchronous reluctance machine
Given the theoretically predicted effective reactance ratio in Section 2.1, and (16) which shows additional torque components, the steady-state electromagnetic torque of the modified machine is here evaluated based on the equivalent circuit of Fig. 1c . At steady state, the electromagnetic torque (T em ) developed by the modified machine is evaluated using [19] 
The variation of the torque (T em ) of the machine fitted with A relative improvement in torque performance, which is only evident at a load angle of 188 and higher is observed from this figure. This improvement is only possible for a capacitance for which X c ¼ X d . Furthermore, this improvement is found to increase with an increase in the load angle. At capacitance X c ¼ X q , a negative torque index is obtained, and the capacitance is too high that it does not represent a practical value. High power factor was correspondingly achieved at the load angles that correspond to the ones where torque improvement is identified.
Air-gap flux density
The total airgap flux density at any position along the airgap is defined as
where F gt is the total MMF at any position u and instant t, derived and expressed by (11) , and g 21 is the inverse airgap function of a reluctance machine. Substituting (11) and (12) into (18), and simplifying using some trigonometrical www.ietdl.org manipulations, the total airgap flux density becomes Equation (19) gives the time and space variations of total airgap flux densities produced by the currents in the two windings sets: abc and xyz. The flux density components B m1 and B n1 are the peak values of the flux density contributed by the main winding abc whereas, B m2 and B n2 are the peak values of those contributed by the auxiliary winding. The effect of the capacitor on the flux distribution is manifested in the F m2 and a a . These flux components in (19) basically contribute towards the energy conversion.
For the typical experimental machine used in this work, some 3D plots showing the time and space variations of the airgap flux density components produced by the two stator windings when the machine is fitted with a capacitor of 5 and 75 mF at a load angle of d ¼ 258 are graphically illustrated in Figs. 8 and 9 . These plots and that of Fig. 10 were generated using (19) , and the steadystate stator winding currents obtained from experimental measurements on the prototype machine with the parameters specified in Table 1 . These figures revealed that the net flux in the stator of the machine with the configuration discussed in this paper is a rotating sine wave. With the different capacitance values considered, the flux density in the airgap maintains the same shape as the standard synchronous reluctance machine, and moves around the inner surface of the stator. In addition, Fig. 10 shows the variation of the airgap flux density as a function of the capacitance injected, and the load angle.
Experimental results
In order to verify the validity of the theoretical investigation of Section 3 on the configuration discussed in this paper, an experimental machine was built and tested using the standard frame DZ112M, of a four-pole, 50 Hz, threephase, 36-stator slot induction motor. The stator winding was rewound to accommodate two sets full pitch, singlelayer stator windings, each having the same number of turns per pole per phase. The auxiliary winding was, however, wound using thinner diameter of wire so that the stator slot will accommodate the two sets of windings. The salient pole rotor was milled from the corresponding threephase squirrel cage induction rotor, such that the ratio of the pole arc to pole pitch is 0.5. The main winding of the machine is supplied directly from the mains utility supply. A simplified block diagram and pictorial representation of the test set-up is shown in Fig. 11 . It consists basically of a balanced three-phase supply, a variable dc power source, data acquisition devices, synchronous reluctance machine adapted from an induction machine and a DC machine operated both in the motor mode to synchronise the machine and in the generator to load the synchronous reluctance machine.
Experimental trace of both the main and auxiliary winding voltage and current under no load condition, and with a per phase capacitance value of 60 mF is shown in Fig. 12 . The leading current flowing in the auxiliary winding is shown in Fig. 12b , and its influence on the main winding current is also seen in Fig. 12a . The presence of harmonic is evident in these trace plots; however, the measured harmonic characteristic of the main winding current of the machine fitted with the configuration discussed in this paper was found to be lower than that of the conventional machine, particularly under load condition.
To compare the variation of the performance characteristics of the motor with auxiliary winding attached to a capacitor, effective reactances X d 0 and X q 0 of the experimental machine were measured, respectively, using the no-load test and pull out torque tests as described by Honsinger [2, 27] . Before the machine was modified to the new structure, X d and X q were, respectively, obtained for the operational voltage of 150 V as 43.41 and 12.60 V, thus an unsaturated saliency ratio of 3.44. Additional parameters of the experimental machine are listed in Table 1 . In order to experimentally investigate the effect of the new structure discussed in this paper on these critical parameters of the machine, balanced capacitors were attached to the auxiliary winding and the effective d-and q-axis reactances were similarly determined. A graphical representation of the variation of the measured and calculated X d , X q and the effective reactance ratio (X d /X q ) with the size of capacitance are shown in Figs. 13 and 14. It is observed from these figures that the experimental as well as the calculated values generally follow the same trend. The value of effective direct axis reactance X d as determined from the source obviously increased with the size of the capacitance injected, while that of the quadracture axis reactance was only slightly changed. This result summarily leads to an increase in the effective reactance ratio of the machine. This will likewise improve the stability characteristics of this machine since the Figure 12 www.ietdl.org effective X d was obviously improved with only a little change to X q . It has been variously reported and it is well known that a direct increase in the effective reactance ratio of synchronous reluctance machine leads to an improved performance characteristics of a synchronous reluctance machine, therefore this arrangement has successfully improved the power factor and the torque per ampere performance characteristics of a synchronous reluctance machine with a simple salient rotor structure. Fig. 15 shows a comparative display of the calculated and measured power factor for the conventional machine as well as the machine fitted with a 60 mF capacitor. The improvement of the power factor over the range of operational load angles is evident with this curve, and the power factor of the machine is found to improve with increase in load torque.
To elucidate further, the trade-off between the benefits and cost of the proposed scheme, further experiments were carried out and reported here. Specifically, comparative experimental results of the power factor, torque and efficiency are shown in Table 2 for a 75 mF capacitor attached to the auxiliary winding. Experimental results illustrating the variation of the main winding current, auxiliary winding current and efficiency as a function of the load are as shown in Fig. 16 . Although the conventional machine gave a best power factor of 0.70, the machine fitted with the configuration gave a best of about 0.97. The main winding current for both machines expectedly increase with load torque, whereas the measured auxiliary winding current is not influenced by the size of the load, thus it remains relatively constant over the range of operating power. At about 1.2 p.u loading, the conventional machine pulled out of synchronism with much vibration, whereas the machine fitted with the configuration discussed in this paper was able to sustain the loading without oscillation or vibration. Table 2 also reveals a 134% improvement in power factor at no load and 37% power factor improvement at full load. The torque per ampere of the synchronous reluctance machine is improved by 10.9% at full load without varying the axial length or the volume of the machine. However, the efficiency of the machine marginally decreased by 4.4% at full load. This marginal decrease in efficiency can be effectively minimised with a proper design of the rotor for its stator. 
Conclusion
A configuration utilising an auxiliary winding connected to a balanced capacitance, to improve the performance characteristics of synchronous reluctance machine with simple salient rotor structure is investigated in this paper. The analysis followed the coupled circuit and the simplified electromagnetic field concepts to provide insight into flux distribution as well as the torque performance of the machine.
Analysis of the machine showed that the net flux in the airgap is sinusoidal, but with a clear presence of third harmonic components.
Following the coupled circuit approach via the impedance evaluation, a suitable size of capacitor that makes the machine to run at a comparatively better power factor was determined, and with this capacitance value, a theoretically high effective reactance ratio was evaluated. The d-axis reactance of the machine was boosted whereas the q-axis reactance remained fairly constant as against the conventional story of reducing X q .
Our experimental results on a practical motor validated the analytical results, and clearly demonstrated that the real power factor of the motor can be greatly improved using the configuration discussed in this paper when compared with the conventional reluctance motor. Also, the torque per ampere of the machine is likewise improved (as shown in Table 2 ) without changing the axial length/volume of the machine. This is made possible by the presence of the auxiliary winding and capacitor which improved the effective reactance ratio of the machine.
With the known advantages and application areas of synchronous reluctance machine with simple salient rotor, the machine fitted with this configuration should find acceptability because of its benefits.
Although the configuration has been applied in this work to a simple salient rotor, consideration has been given to its use in further improving the performance possibilities of other rotor structures such as flux barrier and axially laminated rotor. 
